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Abstract: The purpose of the present paper is to clarify the eﬀects of unsteady glottal ﬂow on
phonation. We perform numerical experiments with respect to vocal cord vibrations in order to verify
the validity of the proposed model for a glottal sound source. In addition, the prediction of pressure
waves induced by unsteady glottal jets is attempted. Good agreement between the numerical results
and the measured data of the properties of the glottal source indicates that the proposed model is a
good tool for the analysis of speech production. Simulated pulsatile glottal jets show the generation
of high-frequency noises in a pressure wave at the glottis and the unsteady and asymmetric motion
of vortices. These vortices cause amplitude ﬂuctuations in the pressure wave downstream near the
glottis, although pressure waves far from the glottis are not greatly aﬀected. In conclusion, the
unsteady glottal ﬂow aﬀects only the area near the glottis and does not greatly aﬀect speech waves
radiating from the mouth.
Keywords: Glottal sound source, Distributed parameter model, Unsteady glottal ﬂow, Am-
plitude ﬂuctuation
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1. INTRODUCTION
A better understanding of complex glottal ﬂows
within the larynx is of interest from a biomechanics
standpoint and is also important with respect to voice
personality. However, relatively few studies have exam-
ined the dynamics of speech production.
Recently, with improvements in computing power, nu-
merical simulation has become an eﬃcient tool for clar-
ifying speech production. In order to describe the com-
plex vibrations of the vocal cords, analyses based on a
ﬁnite element method have been performed [1, 2]. The
analyses of chaotic vibration by Jiang et al. [3] and
Koga and Nakagawa [4] are attractive from the view-
point of nonlinearity in biomechanical tissue. The sub-
ject of these studies is an accurate description of vocal
cord deformations and the dynamics thereof.
Zhao et al. numerically analyzed sound generation
within the larynx based on an axisymmetrically forced
vibrating vocal cord model [5]. They reported the ef-
fects of monopole, dipole, and quadrupole contributions
to speech waves. However, we infer that they underesti-
mated the unsteady eﬀect of glottal ﬂow for speech pro-
duction, because, in the axisymmetric model, the degree
of freedom of the ﬂuid motion was limited, and a glot-
∗E-mail: nomu@t.kanazawa-u.ac.jp
tal ﬂow could not be transformed into an asymmetric
turbulent ﬂow. Rosa et al. used a three-dimensional ﬁ-
nite element method to demonstrate that the false vocal
cords aﬀect the pressure distribution within the larynx
[6]. Alipour and Scherer showed that the rate change
of the glottal ﬂow greatly aﬀects the location of ﬂow
separation on the surface of the glottis by ﬁnite volume
analysis [7]. These studies are important in understand-
ing the properties of the glottal sound source. However,
little information with respect to the eﬀects of unsteady
ﬂow within the larynx on speech production is available.
In previous studies [8, 9], we numerically simulated
glottal ﬂows based on a rigid glottal model and re-
ported that, rather than being a steady symmetric lam-
inar ﬂow, the glottal ﬂow is an unsteady asymmetric
ﬂow similar to physically measured ﬂows. In order to
simulate the sound source generation by unsteady glot-
tal ﬂow, we proposed a numerical glottal sound source
model, which is constructed from a two-dimensional un-
steady ﬂow model and a distributed parameter model
for the vocal cords [10]. The obtained properties of the
glottal sound source were in quantitatively good agree-
ment with the measured data, which suggests that this
model is a good tool for the analysis of speech produc-
tion. However, the eﬀects of the unsteady motion of the
glottal ﬂow on voiced sound have not yet been investi-
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(a) Larynx and vocal tract model
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Fig. 1 Analytical model of speech production. Although there are only three mechanical elements on each side of the
model, shown in (b), in the actual analysis, a greater number of mechanical elements are located on the vocal cords (see
Fig. 2).
gated.
The purpose of the present study is to clarify the ef-
fects of the unsteady glottal ﬂow on the phonation. In
the present paper, we ﬁrst perform numerical experi-
ments to examine vocal cord vibrations in order to ver-
ify the validity of the proposed model for the glottal
sound source. The prediction of the pressure waves in-
duced by unsteady glottal jets is then attempted. On
the basis of the obtained results, we discuss the eﬀect of
the unsteady motion of glottal ﬂow on phonation, and
in particular, on the ﬂuctuation of the pressure wave
within the larynx.
2. ANALYTICAL MODEL
2.1. Larynx and Vocal Tract Models
A two-dimensional larynx model in the coronal (z-x)
plane is shown in Fig. 1 (a). We assume that the ini-
tial conﬁguration is symmetric about the glottal mid-
line (dot-dashed line, i.e., the z-axis). The initial size
parameters of the larynx are shown in Table 1. A de-
tailed description of the glottal shape is presented in the
previous paper [8].
We assume that the vocal tract conﬁguration is ap-
proximated by a uniform rigid duct. The eﬀect of acous-
tic loadings, i.e., formants, is ignored herein.
The pressure diﬀerence between the inﬂow and out-
ﬂow boundaries generates ﬂows within the larynx. In
this model, the total pressure P , the ﬂuid density ρ, the
Table 1 Initial size of the larynx (in mm).
Lfvc Lvl Dsg Dg Dvl Dfvc Dvt
5.8 2.6 16.4 0.4 10.3 5.1 20.0
absolute temperature T , and the ﬂuid velocities u and
v are calculated, where u and v indicate the z and x
components, respectively, of the ﬂow velocity vector u.

































where t is the time, dvcL and dvcR are the positions of
the surfaces of the left and right vocal cords in the x di-
rection, D = Dvt (=20 mm) is the characteristic length,
ρ0 (=1.138 kg/m3) is the ﬂuid density at rest, and c0
(=3.532×102 m/s) is the sound velocity of inﬁnitesimal
amplitude. In this paper, all variables denoted by the
superscript ∗ are nondimensional (the notations of di-
mensional and nondimensional variables related to the
superscript ∗ are diﬀerent from those in the previous pa-
per [8]), and the variables denoted by the subscript 0 are
quantities at an atmospheric pressure Patm of 101.3 kPa
and a temperature of 310.15 K (= T0, 37 C˚).
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2.2. Glottal Flow Model
Because of the complexity of the boundary shape of
the larynx, Cartesian coordinates (z, x) are transformed
into general curvilinear coordinates (ξ, η) along the glot-
tal surface [8]. In order to consider a moving boundary
problem due to the vibration of the vocal cords, we in-
troduce the arbitrary Lagrangian-Eulerian (ALE) form
of basic equations governing a compressible viscous ﬂuid





















where Re (=ρ0c0D/µ0) is the Reynolds number, and µ0
(=1.902×10−5 Pa·s) is the shear viscosity of the ﬂuid.
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U∗ and V ∗ are the contravariant velocity components in




∗ + ξ∗t ,
V ∗ = η∗zu
∗ + η∗xv
∗ + η∗t .
(9)
J∗ is the Jacobian of the coordinate transformation,










t are the components of
the transformation matrix ∂(ξ∗, η∗, t∗)/∂(z∗, x∗, t∗). Be-
cause of the relationship ξ∗ = ξ∗(z∗, x∗, t∗) = ξ∗(z∗),
the transformation matrices ξ∗x and ξ
∗
t become zero;
thus, each component related to ξ∗x and ξ
∗
t in the gov-







xz are the dimensionless viscosity-
induced drag forces, and q∗z and q
∗
x are the dimensionless
heat ﬂuxes.
The dimensionless total energy density is given as
e∗ =
P ∗








where γ (= 1.403) is the speciﬁc heat ratio. In addition,
an adiabatic relationship for a compressible ﬂuid is used






2.3. Vocal Cord Model
In order to consider vocal cord vibrations, we intro-
duce a dynamical model as the boundary condition on
the surfaces of the vocal cords Γ3 and Γ4 [10]. The
present model of vibrating vocal cords is based on a dis-
tributed parameter model proposed by Ikeda et al. [13].
The vocal cords can be divided into two tissue layers
that have diﬀerent mechanical properties: a cover layer
and a body layer. The cover layer is formed from an elas-
tic cover having the eﬀective mass of the vocal cords.
In order to consider the mechanical properties of the
vocal cord, the elastic cover is supported by small dis-
tributed mechanical elements having nonlinear springs
and dampers. Figure 1 (b) shows the distributed param-
eter model of the vocal cords.
In this study, in order to simplify the analysis, we re-
strict vocal cord vibrations in the lateral direction x.
The motions of the left and right vocal cords are indi-
vidually analyzed. The vibration of the left vocal cord








∗, t∗) + F ∗rL(z
∗, t∗)
+ F ∗dL(z




∗(z∗) = ρvh(z)/(ρ0D) is the vo-
cal cord mass per unit area, ρ∗v = ρv/ρ0 is the vo-
cal cord volume density, and h∗(z) = h(z)/D is the
eﬀective thickness of vocal cord tissue. In addition,
F ∗fL(z
∗, t∗) is the ﬂuid force, i.e., the pressure and vis-
cous stress of the ﬂow, F ∗rL(z
∗, t∗) is the restoring force
of the spring, F ∗dL(z
∗, t∗) is the viscous drag force of the
damper induced by the viscosity of vocal cord tissue,
and F ∗sL(z
∗, t∗) is the shear force of the elastic cover.
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Fig. 2 Computational model. The mechanical elements of
the vocal cords are located at diﬀerential grid points on













Fig. 3 Geometry and diﬀerential grid in the larynx at two
diﬀerent times. The dimensions of the grid in the z di-
rection are reduced near the glottis z = 0 mm, and
those of the grid in the x direction are regular. For clar-
ity, not all the grids are shown. The diﬀerential grids in
the larynx are updated at every time step.
These terms are nondimensional forces per unit area



















for εL(z∗, t∗) < 0,
(13)
F ∗dL(z













where εL(z∗, t∗) = ∆d∗vcL(z
∗, t∗)/h∗(z∗), αr = 1.11 ×
10−1, and ∆d∗vcL(z
∗, t∗) = d∗vcL(z
∗, t∗)−d∗vcL(z∗, t∗ = 0)
are the strain, the nonlinear parameter of stress and the
displacement of the vocal cords, respectively. In addi-
tion, C∗d(z
∗) is the equivalent damping coeﬃcient, which
Input parameters
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Here, ν∗ = ν/(ρ0c0D) and E∗ = E/(ρ0c02) are the
viscosity and Young’s modulus of the vocal cord, re-
spectively. The physical parameters in these equations
are listed in Table 2 according to the measured data
[6, 14, 15]. The eﬀective thickness function h(z) is de-
scribed in the Appendix.
For the right vocal cord vibration dvcR, similar equa-
tions are used; however, the subscript L is replaced by
R, ∆d∗vcR(z
∗, t∗) = d∗vcR(z
∗, t∗ = 0) − d∗vcR(z∗, t∗), and
the signs of the ﬁrst and second expressions on the right-
hand-side of Eq. (13) are exchanged.
2.4. Simulation of Speech Production
Speech production is simulated based on the basis
of a boundary problem by alternately solving the ﬂow
equations of the glottal ﬂow and the motion equation of
the vocal cords as boundary conditions.
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Table 2 Physical parameters of the vocal cord.
Volume density ρv 1.03× 103 kg/m3
Young’s modulus E 1.64× 103 Pa
Viscosity ν 4.68× 10−1 Pa·s
For ﬂuid analysis, we employ a numerical computa-
tion method, MacCormack’s ﬁnite diﬀerence scheme,
which has fourth-order accuracy with respect to space
and second-order accuracy with respect to time [16].
The details of the ﬂow analysis are presented in accom-
panying articles [8, 9].
A grid system moving with the wall boundary is em-
ployed to discretize the ﬂuid domain along the larynx
shape. In order to determine an instantaneous larynx
shape, the vibrations of the mechanical elements of the
vocal cords are computed using the fourth-order Runge-
Kutta method. In Fig. 1, there are only three mechanical
elements on each side. However, in the actual analysis,
a greater number of mechanical elements, about 100 el-
ements, are located at each diﬀerential grid point on the
surface of the larynx, as shown in Fig. 2. On the basis
of the vocal cord displacement obtained from Eqs. (12)–
(16), we update the boundary shape of the larynx and
the diﬀerential grids in the ﬂuid domain at every time
step (see Fig. 3).
Speech production is simulated in the time domain as
follows:
(1) Initialize the larynx shape, diﬀerential grids, ﬂuid
motion, and vocal cord vibration.
(2) Specify boundary conditions for ﬂuid analysis.
(3) Calculate the glottal ﬂow.
(4) Calculate the vibration of the vocal cords on the
basis of the ﬂuid force obtained by glottal ﬂow
analysis.
(5) Update the boundary shape of the larynx and the
diﬀerential grids.
(6) Update time by one step and return to (2).
A ﬂow chart of the simulation is shown in Fig. 4.
Suppose that the air in the entire ﬂuid space is uni-
form and at rest for t∗ ≤ 0. The initial conditions for
the entire space are then readily obtained as follows:
|u∗| = 0, ρ∗ = 1, P ∗ = 1/γ for t∗ ≤ 0. (17)
The pressure function P ∗in(t
∗) = p∗L(t
∗) + 1/γ is applied
to the boundary Γ1, where p∗L(t













for 0 < t∗ ≤ t∗r ,
P ∗L0 for t
∗ > t∗r .
(18)
Here, P ∗L0(= PL0/(ρ0c0
2)) and t∗r (= c0tr/D) are the
steady state value of the lung pressure and the rise time
of the lung pressure, respectively. A nonreﬂecting char-
acteristic boundary condition [17] is imposed at the out-
ﬂow boundary Γ2 in order to minimize acoustic reﬂec-
tion. The obtained displacements and velocities of the
vocal cords are applied to the boundaries Γ3 and Γ4.
The collision problem of the left and right vocal cords
occurs when both vocal cords approach each other. For
this problem, Ishizaka and Flanagan modiﬁed the stress
function and damping factor during the collision of the
vocal cords [18]. In our analysis, we employ a ﬁnite dif-
ference scheme, and the ﬂuid domain is divided into
diﬀerential grids, as shown in Fig. 3. It is diﬃcult to
calculate glottal ﬂows within the glottis during the col-
lision of the glottis, because the domain that should be
divided into diﬀerential grids disappears. Furthermore,
the left and right vocal cords do not always collide at the
glottal midline (the z-axis in Fig. 1), since the vibrations
of the left and right vocal cords are individually calcu-
lated, and asymmetric vibrations are expected even for
nonpathological vocal cords. Therefore, to avoid such
collision, when the gap width between the left and right
vocal cords, dvcR− dvcL, becomes smaller than the crit-
ical glottal gap width Dcol, we forcibly set the glottal
gap width to be equal to Dcol.
2.5. Analysis Conditions
The computational domain extends from z  −150 ∼
190 mm. The grid number is 460 × 60. Computational
grid samples are shown in Fig. 3 (all grids are not shown
for clarity). The dimensions of the grid in the z (or ξ)
direction are reduced near the glottis at z = 0 mm, and
the dimensions remain constant throughout the compu-
tation. The dimensions of the grid in the x (or η) direc-
tion are regular; however, such dimensions are changed
by varying the larynx shape in time step by step. A
greater number of grid is necessary in computations in
order to obtain an accurate solution. However, we reach
a compromise between numerical accuracy and compu-
tational time [8].
The rise time tr and the critical glottal gap width Dcol
are set to be constant values of 10 ms and 0.05 mm,
respectively.
3. NUMERICAL EXPERIMENT
3.1. Sound Source Generation
Figure 5 (a) shows examples of the glottal sound
source at a lung pressure of 800 Pa, which corresponds
to the value for an ordinary conversation level, and
Fig. 5 (b) shows examples of the glottal sound source
near the phonation threshold pressure of 200 Pa. The
5






































































































































Fig. 5 Sound source generation. The solid and dotted lines denote the positions of the upper (z  0 mm) and lower
(z  −2.2 mm) lips of the vocal cords in (a-1) and (b-1), respectively. The glottal volume velocities are obtained using
the surface integral of the ﬂow velocity through the glottal slit with the length (size in the y direction) of the vocal cord
















































Fig. 6 Properties of glottal sound source. Closed circles
denote the imperfect closing of the glottis without the
collision of vocal cords, and open circles denote the clos-
ing of the glottis with the collision of the vocal cords. In
(a), the dotted curve indicates the ﬁtting curve obtained
using a linear function of the lung pressure. In (b),
the dotted curve denotes the ﬁtting curve obtained us-
ing the empirical model developed by Titze [24], where
Qo∞ = 0.495 and PLth = 248 Pa.
curves correspond to the vibrations of the left and right
vocal cords dvcL and dvcR and the glottal volume veloc-
ity Ug at z = 0 mm from top to bottom. The vibrations
of the vocal cords indicate the surface locations of the
upper and lower lips of the vocal cords separated by ap-







































Fig. 7 Propagation velocity of mucosal wave. The dotted
curve indicates the ﬁtting curve obtained using a linear
function of the lung pressure.
proximately 2.2 mm. Dashed lines indicate the critical
gap width Dcol = 0.05 mm. The glottal volume veloc-
ities are obtained using the surface integral of the ﬂow
velocity through the glottal slit with the length (size in
the y direction) of the vocal cord Lg, which is assumed
to be 14 mm in the two-dimensional model.
The upper and lower lips of the vocal cords vibrate
with the phase diﬀerence. The collisions of the upper
lips (dvcR − dvcL ≤ Dcol) are observed at 800 Pa, and
the glottal ﬂow velocity decreases to approximately zero
at the same phase. Furthermore, asymmetric vocal cord
vibrations are observed, although the physical property
of the vocal cord is assumed to be symmetry. At lung
pressures of 200 and 800 Pa, the minimum values of the
lower lip vibrations are 0.3 mm. The most likely cause
6













































































(a) PL0=800 Pa (b) PL0=200 Pa
Fig. 8 Time sequences of instantaneous streamline patterns of glottal ﬂow.
of the insuﬃcient lower lip vibrations may be the inap-
propriate values of the physical parameters of the vocal
cords or the distribution of these physical parameters.
3.2. Lung Pressure Dependence of Vocal Cord
Vibration
Figure 6 shows the properties of the glottal sound
source with respect to lung pressure. The fundamental
frequency f0 of the vocal cord vibration is plotted in
Fig. 6 (a), and the open quotient Qo, which is the ra-
tio of the glottal open duration to the pitch period, is
plotted in Fig. 6 (b). Closed and open circles indicate
the vibration without the collision of the vocal cords
(Qo = 1) and that with the collision of the vocal cords
(Qo < 1), respectively.
The dotted curve indicates the ﬁtting curve obtained
using a linear function of the lung pressure in Fig. 6
(a). The fundamental frequency is proportional to lung
pressure. The rate of change in fundamental frequency
obtained by ﬁtting is 7.3 × 10−2 Hz/Pa, which is near
the experimental results 1×10−2–6×10−2 Hz/Pa in the
chest register [18–22] and the theoretical values reported
by Titze 2× 10−2–6× 10−2 Hz/Pa [23].
In Fig. 6 (b), the open quotient Qo decreases with
lung pressure and then remains constant at 0.5. The
dotted curve indicates the ﬁtting curve obtained using
the empirical model proposed by Titze [24]
Qo = Qo∞ + (1−Qo∞)PLth
PL0
, (19)
where the parameter Qo∞ is the asymptotic value of Qo
for a large lung pressure, and PLth corresponds to the
threshold pressure required to sustain a vocal cord vi-
bration. The best ﬁt corresponds to Qo∞ = 0.495 and
PLth = 248 Pa. These values are in the region of the
measured values of 0.4–0.5 reported by Titze [24], 0.4–
0.7 reported by Sapienza et al. [25], and 100–800 Pa
reported by Jiang et al. [26], although the values de-
pend on the size of the vocal cords and the physiological
conditions.
It is noted that the surface-wave-like motion on the
surface of the vocal cords, i.e., the mucosal wave, is im-
portant in the vibration of the vocal cords [27]. Fig-
ure 7 shows the propagation velocity of the mucosal
wave cm for various lung pressures. The velocity is es-
timated using the phase diﬀerence between the upper
and lower lips of the vocal cords separated by 2.2 mm.
The dotted curve indicates the ﬁtting curve obtained
using a linear function of the lung pressure. The propa-
gation velocity increases with lung pressure at the rate
of 5.7 × 10−4 m/(Pa·s). The obtained velocities are in
the range of 1–2 m/s in the present experiments. These
results are in reasonable agreement with the measure-
7
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Fig. 9 Time sequences of instantaneous glottal shapes and streamlines.
ment results of 0.5–1.5 m/s reported by Hanson et al.
[28], but are somewhat lower than the measured val-
ues of 4 m/s reported by Tran et al. [29] and 2–8 m/s
reported by Shau et al. [30].
The results of numerical simulation based on the
present model are in quantitatively good agreement
with the measured data, although the values depend on
the physical and physiological conditions. This suggests
that the proposed model is a good tool for the analysis
of speech production.
3.3. Sound Generation by Unsteady Glottal
Flow
Figures 8 (a) and (b) show the time sequences of the
instantaneous streamline patterns of the glottal ﬂows
obtained at 5 ms intervals for lung pressures of 800 and
200 Pa, respectively. At both lung pressures, symmetric
jets about the z-axis are ﬁrst ejected from the glottis,
and the symmetries of the jet are then broken as time
proceeds. Finally, the ﬂow translates into an unsteady
pattern with several vortices. This motion is similar to
a ﬂow ejecting from the rigid glottis [8, 9].
This ﬂow instability can be determined using the
Reynolds number. It is possible that the complex be-
havior in the ﬂow is stronger than that in a real speech
organ, since Re in Eq. (2) is very high, the order of 105,
under the present conditions.
Asymmetric ﬂow patterns are observed within the lar-
ynx, although we assume the physical parameters of the
left and right vocal cords to be symmetric. Glottal ﬂows
based on the rigid glottal model indicate that the jet is
skewed toward each side at a particular angle because of
8



























































Fig. 10 Pressure waveforms, p = P − Patm, for various distances from the glottis within the larynx.
the Coanda eﬀect [8,9]. The skewed jet causes an asym-
metric driving force for the vibration of the vocal cords,
and consequently, an asymmetric ﬂow is generated.
The shapes of the glottis and ﬂow during approxi-
mately one cycle of vocal cord vibration at 1 ms intervals
are shown in Fig. 9. The concentration of streamlines in-
dicates the formation of an intense ﬂow, that is, a jet.
The vocal cords at PL0 = 800 Pa in Fig. 9 (a) indicate
that the glottis takes on converging, uniform, and di-
verging shapes. Changes in glottal shape indicate that
the upper and lower lips vibrate with a phase diﬀerence
and the propagation of a mucosal wave. The ﬂow pat-
terns show pulsatile glottal jets synchronized with the
opening and closing of the glottis. At PL0 = 200 Pa in
Fig. 9 (b), the glottis is always open, and the generated
glottal ﬂow indicates a nonpulsating motion.
Figure 10 shows the instantaneous pressure wave-
forms p = P − Patm generated by the glottal sound
source for various distances from the glottis. Periodic
pressure changes are observed at every measured lo-
cation. The average value of the pressure amplitudes
(root-mean-square values) at diﬀerent distances in (a) is
2.9×102 Pa (143 dB in SPL), which is almost consistent
with the values obtained by another numerical simula-
tion [13] and measurement [31]. It is inferred from this
SPL that a nonlinear sound propagation occurs within
the larynx and the vocal tract. However, this nonlinear
sound propagation may not greatly aﬀect the speech
wave, since the propagation distance is not suﬃcient for
inducing nonlinear eﬀects in the vocal tract.
At lung pressures of 200 and 800 Pa, the pressure
waveforms at the glottis, z = 0 mm, indicate the loud-
est high-frequency noises among the pressures observed
at diﬀerent locations. The generation of high-frequency
noises at the glottis is similar to that at the rigid glottis
[8,9]. This is due to the circulation of the ﬂow within the
ventricle of the larynx and the interaction between the
ﬂow and the false vocal cords [8,9]. The high-frequency
noises do not greatly aﬀect the pressure wave far from
the glottis.
Amplitude ﬂuctuations caused by the motion of vor-
tices [9] are observed downstream of the glottis. In or-
der to investigate such ﬂuctuations, we extract a pres-
sure amplitude sequence Ap[i] (i = 0, 1, 2, · · · ) at each
pitch period, shown in Fig. 11, from the instantaneous
pressure p subtracted by the average pressure p − 〈p〉,
where 〈p〉 denotes the time average pressures of p. From
the extracted amplitude sequence Ap[i] in the range of
t = 20 to 100 ms, the coeﬃcient of variation in pres-
sure amplitude sequence Cvp, which is the ratio of the
standard deviation of the pressure amplitude sequence
to the average value of the pressure amplitude sequence,
is obtained. Figure 12 shows the coeﬃcient of variation.
The solid, dotted, and dashed lines denote the ﬁtting
curves obtained using a logarithmic function of the lung
pressure.
9














Time t (5 ms/div)
Ap[i−1] Ap[i] Ap[i+1]
Fig. 11 Extraction of pressure amplitude sequence Ap[i].
〈p〉 denotes the time average pressure.
The result indicates that the coeﬃcient of variation
increases with lung pressure. The coeﬃcient of varia-
tion downstream of the glottis z = 20 mm, which is
O(101)%, is largest and that faraway from the glottis
z = 160 mm, which is O(100)%, is smallest. This trend
is consistent with the pressure ﬂuctuation observed in
the rigid glottal model [9].
The largest pressure ﬂuctuation is observed down-
stream near the glottis, although an almost constant
pressure wave amplitude is observed far from the glot-
tis. The motion of large vortices, shown in Fig. 8, causes
this ﬂuctuation. This result suggests that the eﬀect of
the unsteady motion of glottal ﬂow, that is, the gen-
eration of amplitude ﬂuctuation, is restricted near the
glottis and does not greatly aﬀect speech waves radiat-
ing from the mouth.
4. CONCLUSION
In the present study, we have numerically analyzed
sound generation by unsteady glottal ﬂow in order to
clarify the eﬀect of the unsteady glottal ﬂow on phona-
tion. In order to investigate the vibration of the vocal
cords, a distributed parameter model for the vocal cords
was introduced. Speech production was simulated by al-
ternately solving the glottal ﬂow and vocal cord vibra-
tion.
The fundamental frequency, open quotient, and prop-
agation velocity of a mucosal wave were measured by
numerical experiments. The obtained results agree with
those measured for an excised larynx. This suggests that
the proposed model is a good tool for the analysis of
speech production.
Glottal ﬂows exhibited unsteady and asymmetric mo-
tions, which are similar to that exhibited by the ﬂow
ejecting from a rigid glottis [8, 9]. Pressure waves in-
dicated that the strongest amplitude ﬂuctuation caused
by unsteady vortices was observed downstream near the
glottis, although the pressure waves observed far from
the glottis indicated almost constant amplitudes. This
result suggests that the eﬀect of the unsteady glottal























Fig. 12 Coeﬃcient of variation of pressure amplitude se-
quence Cvp . The solid, dotted, and dashed lines denote
the ﬁtting curves obtained using a logarithmic function
of the lung pressure.
ﬂow, that is, the amplitude ﬂuctuation, is restricted to
the area near the glottis and does not greatly aﬀect
speech waves radiating from the mouth.
It is diﬃcult to correctly estimate the transition of
turbulent glottal ﬂow, because the computational grid
numbers in this study, which are determined from the
trade-oﬀ relationship between numerical accuracy and
computational time, are insuﬃcient for capturing very
small scale vortices. A more accurate simulation of the
turbulent glottal ﬂow could be realized if computing
power is increased.
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APPENDIX
The thickness of vocal cord tissue h(z) is deﬁned as
follows:
h(z) = wvc(z)(hc + hb), (A.1)
wvc(z) =
Dvl + 2dvcL(z, t = 0)
Dvl −Dg , (A.2)
however, if wvc(z) < 0 or z > Lvl, wvc(z) → 0. hc =
0.65 mm and hb = 1.65 mm are the eﬀective thicknesses
of cover and body layers, respectively [32].
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